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Abstract
A platinum (Pt)/yttrium iron garnet (YIG) bilayer system with a well-controlled interface has
been developed; spin mixing conductance at the Pt/YIG interface has been studied. Crystal
perfection at the interface is experimentally demonstrated to contribute to large spin mixing con-
ductance. The spin mixing conductance is obtained to be 1.3 × 1018 m−2 at the well-controlled
Pt/YIG interface, which is close to a theoretical prediction.
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Spin pumping enables a generation of an electric signal in the form of a spin current even
in an insulator at room temperature [1], which encourages efforts to develop a new class of
insulator spintronics [1–7]. The efficiency of the spin pumping is described in terms of spin
mixing conductance at an interface. Improvement of spin mixing conductance is important
for the development of spintronics devices [1–13]. On the other hand, atomic structures at
a metal/insulator interface have not been successfully observed or controlled thus far, and
such situations can be the reason of scatter in the experimentally obtained values of spin
mixing conductance.
To overcome this problem, we prepared a bilayer spin pumping system composed of a
well-controlled single-crystalline yttrium iron garnet (YIG) surface covered with a platinum
(Pt) film, and we studied the spin mixing conductance at the Pt/YIG interface in this study.
This interface has been studied extensively because of the extremely small magnetic damping
of YIG [14–16] and an effective spin current detector of Pt in the sense of the inverse spin
Hall effect (ISHE) [17, 18].
Spin mixing conductance refers to the efficiency with which the spin currents across at
the Pt/YIG interface are generated. In a model of spin pumping [19, 20], the DC component
of the generated spin current density, j0s , in the Pt layer at the interface can be expressed as
j0s =
ω
2pi
∫ 2pi/ω
0
ℏ
4pi
g↑↓r
1
M2s
[
M(t)×
dM(t)
dt
]
z
dt, (1)
where ω, ℏ, g↑↓r , Ms, and M(t) are the angular frequency of magnetization precession, the
Dirac constant, the real part of spin mixing conductance at the interface, the saturation
magnetization of YIG, and the precessing magnetization in YIG, respectively. The expres-
sion [M(t)× dM(t)/dt]z is the z component of M(t) × dM(t)/dt. The z axis is directed
along the magnetization-precession axis. The spin current density j0s can be detected as a
voltage signal VISHE via ISHE in the Pt layer, which enables the experimental estimation of
the spin mixing conductance g↑↓r [21–23].
YIG films used in this work were grown on (111) gadolinium gallium garnet substrates
by using a liquid phase epitaxy method in PbO− B2O3 flux at the temperature of 1,210 K.
The thickness of the YIG films was about 4.5 µm. We preformed annealing with an oxygen
pressure of 5× 10−5 Torr (Fig. 1 (a)) to improve the crystal perfection of the YIG surface,
or bombarded the YIG surface with accelerated ion beams to create an obvious amorphous
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layer (Insets to Fig. 2). 10 nm-thick Pt films were deposited on those YIG films using a
pulse laser deposition system at room temperature in the same vacuum chamber.
reflection high energy electron diffraction (RHEED) was used to observe the surface struc-
ture of the YIG film during the annealing. The Pt/YIG interface structure was characterized
by a high-resolution transmission electron microscopy (TEM). The crystalline characteriza-
tion was carried out by using an X-ray diffraction (XRD) system and TEM. The lattice
constant was calculated from the XRD and electron diffraction patterns. The saturation
magnetization 4piMs and the gyromagnetic ratio, γ were estimated by using the method
described in [21, 22]. Electrical conductivity σN of the Pt film was measured by using a
four-probe method.
Spin pumping was measured by using an electron spin resonance system. The sample
was placed near the center of a TE011 cavity, where the magnetic field component of the
microwave mode is maximized and the electric-field component is minimized. A microwave
with the frequency of f=9.44 GHz was excited in the cavity. A static magnetic field H
was applied to the sample. The microwave absorption intensity I and the ISHE voltage
signal VISHE between the two electrodes attached to the Pt layer were measured at room
temperature. The sign of VISHE reverses when the direction of the external magnetic field
is reversed (Fig. 3 (b)), which is consistent with the spin pumping [19, 20]. Both I and
VISHE spectra are fitted by using multi-Lorentz functions (Fig. 3(b), (c)). The fitted peak
positions and the full width at half maxima (FWHMs) of the VISHE spectrum are in a good
agreement with the values obtained for the I spectrum.
A change in the surface structure was observed in situ by RHEED using an electron
beam along the [110] direction of the YIG surface. Diffraction patterns were recorded with
a digital camera during the annealing (Figs. 1(b), (c), and (d)). Several halo rings along
with the weak streak patterns were observed in the RHEED patterns at the beginning of
annealing (Fig. 1(b)), which suggests that a thin polycrystalline layer exists on the YIG
surface. For a higher annealing temperature, the halo rings disappeared as a result of the
surface reintegration (Fig. 1(c)). After being annealed at 1073 K for 2 hours, sharp streak
patterns appeared, and were prominent even in the first Laue zone (Fig. 1(d)). This implies
that the annealed YIG has an atomically smooth surface with a single crystalline structure.
The cross-sectional structure of the prepared Pt/YIG interface was observed by a high-
resolution TEM (Fig. 1(e)). the crystal perfection of the YIG surface was found to be well
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kept; the Pt/YIG interface was clear and a lattice-like contrast was observed even at the
first several atomic layers at the YIG side in (Fig. 1(e)). The YIG layer has a cubic garnet
structure, whose unit cell is shown in Fig. 1(f). A projection of the unit cell along the [112]
direction is shown in Fig. 1(g). The lattice constant of the YIG film, determined by both
ED and XRD, was 12.376 A˚, which is in good agreement with the value found in literature
[14]. On the other hand, the Pt layer showed a typical multi-crystalline structure without
a preferred orientation. The lattice constant of the Pt layer was 3.92 A˚, which is also in
good agreement with the value reported in literature value [24]. Such a well-controlled and
well-defined Pt/YIG interface is a good reference for comparison with interfaces discussed
in theoretical works.
Figure 2 shows ISHE voltage signal VISHE at a 20 mW microwave power for two Pt/YIG
samples with different interface structures, which are shown in the insets to Fig. 2. One
sample has a well-controlled Pt/YIG interface, while a nano-scale amorphous layer was
formed at the Pt/YIG interface in another sample. The ISHE voltage signal VISHE observed
in the sample with a bad interface decreased markedly compared to the ISHE voltage signal
of the sample with a well-controlled interface. Because the Pt layers of the two samples were
prepared under the same conditions with the same thickness, the decrease in VISHE can be
attributed to the Pt/YIG interface condition; the thin amorphous layer blocks the efficient
spin exchange between Pt and YIG and decreases spin mixing conductance g↑↓r (Eq. 1). This
result suggests that a better quality interface is necessary for larger spin mixing conductance.
Figure 3 shows the observed spectra of microwave absorption intensity I and ISHE volt-
age signal VISHE at 10 mW microwave power of a sample with a well-controlled Pt/YIG
interface. One advantage of a good interface structure is that it allows, not only I but also
VISHE spectra, a clear separation of spectral contributions from different spin wave modes,
e.g. magnetostatic surface spin wave, backward volume magnetostatic spin wave, and fer-
romagnetic resonance (FMR) modes (Figs. 3(a) and (b)). The Gibert damping constant α
can be estimated from FWHM W of a FMR absorption peak as α = γW/2ω, where γ is the
gyromagnetic ratio. The value of α was calculated to be 1.7 × 10−3 from W = 1.1 mT for
the FMR mode.
The spin current density, j0s gererated by the FMR excitation, is estimated to be
2.9× 10−10 Jm−2 at 10 mW microwave power in the Pt/YIG system by using the following
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equation [22, 23]:
VISHE =
wθSHEλN tanh (dN/2λN)
dNσN
(
2e
~
)
j0s . (2)
Here, w, dN , σN , θSHE, and λN are, respectively, the distance between the two electrodes
of the sample, the thickness, the electric conductivity, the spin Hall angle, and the spin
diffusion length of Pt. The quantities w, dN , and σN were measured to be 1.5 mm, 10
nm, and 2.2 × 106 Ω−1m−1. We used a literature value to set λN =7.7 nm [23]. The spin
Hall angle θSHE of the Pt film was estimated to be 0.012 by using a Pt/permalloy bilayer
spin pumping system, in which the Pt layer was prepared under the same conditions as the
Pt/YIG samples and had the same thickness as them. [22, 23]. The VISHE induced by the
FMR excitation was estimated to be 5.86 µV at 10 mW microwave power (Fig. 3(b)).
By using the Landau-Lifshitz-Gilbert equation, Eq. 1 yields
j0s =
g↑↓r γ
2h2ℏ
[
4piMsγ +
√
(4piMs)
2γ2 + 4ω2
]
8piα2
[
(4piMs)
2γ2 + 4ω2
] , (3)
where h is the amplitude of the microwave magnetic field. In this work, 4piMs = 0.171 T,
γ = 1.76× 1011 T−1s−1, h = 3.58× 10−5 T, and ω = 5.93× 1010 s−1. We estimated the spin
mixing conductance as g↑↓r ≈ 1.3 × 10
18 m−2 at the Pt/YIG interface, which is close to a
theoretical prediction by Jia et al.[25].
In summary, we prepared a single crystalline YIG surface covered with a Pt film and
studied its spin mixing conductance, which governs the spin pumping efficiency at the in-
terface. Crystal perfection is experimentally demonstrated to contribute to a large spin
mixing conductance. With a well-controlled interface, the spin mixing conductance of a
Pt/YIG interface reached the value of 1.3× 1018 m−2, which is close to a theoretical predic-
tion. This work provides an explicit guideline for pursuing large spin mixing conductance
at metal/insulator interfaces.
This work was supported by Fundamental Research Grants from CREST-JST Creation
of Nanosystems with Novel Functions through Process Integration; NEXT from the cabinet
office, Japan, a Grant-in-Aid for Scientific Research (A) (21244058); PRESTO-JST ”Phase
Interfaces for Highly Efficient Energy Utilization” all from MEXT, Japan.
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A list of figures
1. (a) The annealing process for YIG films. (b), (c), and (d) are the RHEED patterns of
a YIG surface at different stages of the annealing. (e) A cross-sectional high-resolution
TEM image of a Pt/YIG interface, of which YIG was annealed as the process shown
in (a). (f) The unit cell of the cubic garnet (space group Ia3d). (g) A projection of
the cubic garnet unit cell along the [210] direction.
2. The external magnetic field H dependence of the inverse spin Hall voltage signal VISHE
of Pt/YIG samples at 20 mW microwave power. Cross sectional images by TEM are
shown as insets. The upper sample with a well-controlled Pt/YIG interface, while a
nano-scale amorphous layer was formed at the Pt/YIG interface in the lower sample.
3. (a) The external magnetic field H dependence of the microwave absorption intensity I
and the multi-Lorentz fitting results of a Pt/YIG sample with a well-controlled Pt/YIG
interface at 10 mW microwave power. (b) The external magnetic field H dependence
of the inverse spin Hall voltage VISHE. Insets to (b) are schematic illustrations of the
spin pumping experimental setting for +H and −H , of which the external magnetic
fields are in the opposite direction. The multi-Lorentz fitting result of VISHE spectrum
for +H is shown.
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FIG. 1: (a) The annealing process for YIG films. (b), (c), and (d) are the RHEED patterns of a
YIG surface at different stages of the annealing. (e) A cross-sectional high-resolution TEM image
of a Pt/YIG interface, of which YIG was annealed as the process shown in (a). (f) The unit cell of
the cubic garnet (space group Ia3d). (g) A projection of the cubic garnet unit cell along the [210]
direction.
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FIG. 2: The external magnetic field H dependence of the inverse spin Hall voltage signal VISHE
of Pt/YIG samples at 20 mW microwave power. Cross sectional images by TEM are shown as
insets. The upper sample with a well-controlled Pt/YIG interface, while a nano-scale amorphous
layer was formed at the Pt/YIG interface in the lower sample.
10
255 265 275
0
MSSW BVMSW
(a) FMR Exp.
fitted line
fitted FMR Peak
H (mT)
I 
(a
rb
. 
u
n
it
s)
255 265 275
-5
0
5
(b)
V
V
+H
-H
Exp.
fitted line
fitted FMR Peak
microwave
microwave
H (mT)
V
IS
H
E
 (
µ
V
) 
FIG. 3: (a) The external magnetic field H dependence of the microwave absorption intensity I
and the multi-Lorentz fitting results of a Pt/YIG sample with a well-controlled Pt/YIG interface
at 10 mW microwave power. (b) The external magnetic field H dependence of the inverse spin
Hall voltage VISHE. Insets to (b) are schematic illustrations of the spin pumping experimental
setting for +H and −H, of which the external magnetic fields are in the opposite direction. The
multi-Lorentz fitting result of VISHE spectrum for +H is shown.
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